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"Recalibration of Downhole Sensors" 



BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention. 

The present invention relates to sensing formation properties and other conditions 
while drilling boreholes into the earth. Specifically, the invention provides for 
measuring these properties in the very severe environment adjacent to the drill bit using 
1 0 sensors that are inexpensive but have calibration drift. These sensors are re-calibrated 
by a second set of sensors with high-accuracy located in a less severe environment 

2. Description of the Related Art. 

1 5 The present invention applies to the calibration of sensors within a rotary drilling 

system using measurements generated by a remote measuring while drilling (MWD) 
tooL Previously, sensors were located far from the drill bit due to packaging size 
constraints and to minimize damage and calibration drift caused by the severe 
accelerations and hostile environment adjacent to the drill bit This places the sensors a 

20 considerable distance from the most desirable location to acquire data, the region 
immediately adjacent to the bit The presence of the drilling fluid and the pressure 
difference between the drilling fluid and the fluids in the formation often compromise 
the readings of these remotely located sensors. Also, many properties which are 
valuable when measured near the drill bit, including inclination, azimuth, vibration, 

25 rotational position, temperature, etc., cannot be accurately measured remotely. The 

expense, fragility, and physical size of accurate sensors make it at best impractical, and 
often impossible for them to be packaged into a small location close to (or within) the 
drill bit The less expensive and/or smaller sensois that may be used in the drill string 
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adjacent to the drill bit do not have the desired adequate long-term stability and 
accuracy. 

BRIEF SUMMARY OF THE INVENTION 
5 The present invention locates a first set of inexpensive and/or relatively small sensors 
that typically have lower accuracy and higher drift than conventional downhole sensors 
in the drill string adjacent to the bit A second set of highly accurate sensois is located 
in a more protected location higher in the drill string away from the drill bit As 
drilling progresses these second sensors pass through the same portion of the formation 
1 0 measured by the first set of sensors. Key properties are measured by the second set of 
sensors which allow a calibration ofiset to be applied to the data measured by the first 
set of sensors. 

For example, a sensor prone to mechanical shock induced drift could be located among 
15 the first set of sensors. A second, similar sensor located remotely from the drill bit 

with the second set of sensors in an area with less mechanical shock would then be able 
to measure the same property a short time later, and provide a continuous ofiset value 
to adjust the first measurement 

20 Accordingly, disclosed herein is a method for sensing a condition in a borehole while 
drilling with a drill string, by providing a sensor in the drill string adjacent to a drill bit 
for measuring the borehole condition, providing a second sensor in the drill string 
remote from the first sensor for measuring the borehole condition, measuring the 
borehole condition with the first sensor at a first location of the borehole, drilling until 

25 the second sensor reaches the first location of the borehole, 

measuring the borehole condition, with the second sensor at the first location within the 
borehole, and re-calibrating the first sensor using the measurement made by the second 
sensor at the first location within the borehole. 
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A device for sensor recalibration is also disclosed for a bottom hole assembly of a drill 
string for drilling a borehole. The device has a first sensor in the drill string adjacent to 
a drill bit for measuring a condition of the borehole at a location in the borehole, and a 
5 second sensor in the drill string, remote from the first sensor, for measuring the same 
borehole condition. There is also a device to store the measurement made by the first 
sensor and compare it to the measurement made by the second sensor. The device 
provides a re-calibration offset for the first sensor based upon the comparison. 

1 0 The same types of reading are not necessarily required. For example, if the one of the 
first set of sensors has a known temperature induced deviation in its readings, an 
accurate temperature sensor located with the second set of sensors could provide the 
necessary information to apply the proper oflset 

1 5 Accordingly, also disclosed is a method for sensing a first condition in a borehole 

while drilling with a drill string, by providing a sensor in the drill string adjacent to a 
drill bit for measuring the first borehole condition, providing a second sensor in the 
drill string remote from the first sensor for measuring a second borehole condition, 
measuring the first borehole condition with the first sensor at a first location of the 

20 borehole, drilling until the second sensor reaches the first location of the borehole, 
measuring the second borehole condition with the second sensor at the first location 
within the borehole, and, re-calibrating the first sensor using the measurement made by 
the second sensor at the first location within the borehole. 

25 A related device is disclosed as a bottom hole assembly of a drill string for drilling a 
borehole. The assembly has a first sensor in the drill string adjacent to a drill bit for 
measuring a first condition of the borehole at a location in the borehole, and a second 
sensor in the drill string remote from the first sensor for measuring a second borehole 
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condition. There is also a device to store the measurement made by the first sensor and 
compare it to the measurement made by the second sensor which provides a re- 
calibration oflset for the first sensor based upon the comparison. 

5 Advantages of this invention include: using lower cost sensors within the rotary 
drilling system without sacrificing drilling performance; detecting and correcting 
sensor degradation/failures while drilling; and enacting reversionary schemes to 
compensate for the loss of a sensor and thereby avoid preventable drilling errors. 

1 0 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a plan view of a drill string drilling into an earthen formation showing the 
arrangements of the components of the present invention. 

1 5 Figure 2 is a plan view of a drill string drilling into an earthen formation showing an 
alternate arrangement of the components of the present invention. 

Figure 3 A is an enlarged view of a portion of the drill string of figure 2 showing the 
lower end of the bottom hole assembly with a sensor arrangement of the present 
20 invention in a first drilling location. 

Figure 3B is an enlarged view of a portion of the drill string of figure 2 showing the 
lower end of the bottom hole assembly with a sensor arrangement of the present 
invention in a second drilling location. 

25 

DETAILED DESCRIPTION OF THE INVENTION AND THE PREFERRED 

EMBODIMENT 
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Referring now to Figures 1 and 2, when drilling boreholes 4 into earthen formations 6, 
it is common practice to use a bottom hole assembly as shown in Figure 1 . The bottom 
hole assembly (BHA), generally indicated as 10, is typically connected to the end of 
the tubular drill string 12, which is typically rotatably driven by a drilling rig 14 from 

5 the surface. In addition to providing motive force for rotating the drill string 12, the 
drilling rig 14 also supplies a drilling fluid 8 under pressure through the tubular drill 
string 12 to the bottom hole assembly 10. The drilling fluid 8 is typically laden with 
abrasive material, as it is repeatedly re-circulated through the borehole 4. In order to 
achieve appropriate control while drilling, components of the bottom hole assembly 10 

10 may include one or more drill collars 16, a measuring while drilling (MWD) module 
18, stabilizers 20, an electronics section 24, a drill bit 28 and optionally a rotary 
steerable system 22. The rotary steerable system 22 typically includes a steering 
section 26 coupled to the electronics section 24. The drill bit 28 is either attached to 
the steering section 26 if the rotary steerable system 22 is being used, as shown in 

1 5 Figure 1 , or it is attached directiy to the electronics section 24 as shown in Figure 2. 

For systems utilizing the rotary steerable system 22 as shown in Figure 1 , a surface 
control system (not shown) may be utilized to communicate steering commands to the 
electronics section 24 either directly or via the measuring while drilling module 18 
20 included among the drill collars 16. 

The actual arrangements of the components of the BHA 1 0 vary considerably 
depending upon the drilling conditions. Therefore, the arrangement shown in Figurel 
is for illustration purposes only, and is not intended to limit the present invention in 
25 any manner. 

As can be seen in Figures 3 A and 3B, the MWD module 1 8 follows nominally the 
same path as the electronics section 24 as the borehole is being drilled. 
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Figure 3A is an enlarged view of a portion of the drill string of figure 2 showing the 
lower end of the bottom hole assembly 10 in a first drilling location. The electronics 
section 24 is adjacent to a location in the borehole 4 indicated by numeral 30. 

5 

In the electronics section 24 are one or more sensors 32, 34 which, because of the 
hostile conditions adjacent to fiie drill bit 28, may not maintain their calibration to the 
desired level. These sensors may measure certain desirable properties in the drilling 
environment such as inclination, azimuth, gamma ray, temperature, acceleration, 
1 0 gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 

electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit 

It is very desirable to measure these properties close to the drill bit 28 because the 
1 5 drilling fluid 8 often intrudes into the formation 6 and affects the measured properties. 
Measuring these properties near the drill bit provides the highest accuracy because the 
formation 6 adjacent to the drill bit 28 has spent only a short time exposed to the 
drilling fluid 8. Other meters, such as stresses and temperatures in the formation 6 are 
also affected by the drilling action independently of the drilling fluid. 

20 

Sensors 32, 34 generally need to be as small as possible to be located adjacent to or 
within the drill bit 28. For this reason, it may be desirable to eliminate the temperature 
compensation apparatus with certain of the sensors, such as accelerometers, to 
minimize their size. When temperature compensation is eliminated, however, the 
25 output of the accelerometer will be affected by temperature changes. 



In order to utilize sensors 32, 34 to obtain high-accuracy readings, a second set of 
sensors 36, 38, 40 are located in the MWD module 18. When the BHA is in the first 
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drilling location shown in Figure 3 A, the MWD module 18 is adjacent to a location in 
the borehole 4 indicated by numeral 42. 

However, as drilling continues, the MWD module 18 follows nominally the same path 
5 as the electronics section 24, and eventually reaches the configuration shown in Figure 
3B. 

Figure 3B is an enlarged view of a portion of the drill string of figure 2 showing the 
bottom hole assembly of Figure 3A in a second drilling location. In this position, the 
1 0 electronics section 24 is adjacent to a location in the borehole 4 indicated by numeral 
44 and the MWD module 18 is adjacent to the location in the borehole 4 indicated by 
numeral 30, that was previously to the electronics section 24. 

Sensors 36, 38, 40 in the MWD module 18 are of high accuracy. They are not 
1 5 subjected to the hostile conditions adjacent to die drill bit 28, and there is adequate 
space to accommodate those sensors, which may be larger in size, to attain high 
accuracy. These sensors 36, 38, 40 also measure certain desirable properties in die 
drilling environment such as inclination, azimuth, gamma ray, temperature, 
acceleration, gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 
20 electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit. 

If the electronics section 24 is equipped with sensors 32, 34 that can make the same 
type of surveying measurements as sensors 36, 38, 40 in the MWD module 18 then two 
25 independent estimates of survey measurements such as inclination, azimuth, build, and 
turn can be obtained. 
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If, as described above, the electronics section's 24 sensor 32, 34 performance is inferior 
to those of the MWD module 18, then comparison of survey measurements can be 
made to reveal the numerical value of the error sources within the electronics section's 
24 sensors 32, 34. The computations could mechanized down-hole or at the surface, 
5 using on-line parameter estimation techniques. Once known, the error values can be 
used to update and improve the corrections applied to the electronics section's 24 
sensor measurements or to the steering commands of the rotary steerable system 22. 
This will improve the surveying performance of the electronics section 24 and thus the 
drilling system's overall performance. 

10 

For example, the force feedback loops in accelerometer sensors for surveys require 
temperature compensation on their outputs for high accuracy. In general, small devices 
suitable for close packaging, low power etc. have lower accuracies and are more 
rugged. It may be desirable for space and expense reasons that one of the sensors 32, 

1 5 34 within the electronics section 24 be an accelerometer of the non-temperature 

compensated type (e.g an open loop spring restrained device as opposed to a force- 
feedback one). This type of sensor behaves in a known manner with respect to 
temperature variations. Therefore, the acceleration reading provided by this sensor in 
the electronics section 24 at location 30 in the borehole 4 can be re-calibrated for 

20 temperature compensation by a reading from a temperature sensor located in the MWD 
module 18 when it readies location 30 in the borehole 4. Alternatively, the 
information may be used by another connected system that can make allowances for 
the oflset. 

25 In a similar manner, a reading from a non-survey grade magnetometer sensor (with an 
indicative offeet of 1 %) in the electronics section 24 at location 30 in the borehole 4 
may be re-calibrated by a survey grade magnetometer (with an indicative ofifeet of 
.05%) located in the MWD module 18 as it later reaches location 30 in the borehole 4. 
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In another instance, the reading error on magnetometers caused by the iron containing 
components in the drill bit and other portions of the BHA adjacent to the electronics 
section 24 may be offset by magnetometers located in the MWD module 1 8. 

5 

Since drilling is generally a continuous process, the sensor re-calibrations may be made 
continuously as drilling progresses. In order to process these re-calibration readings, a 
device 46. in the MWD module 1 8 receives the readings from the sensors 32, 34 within 
the electronics section 24 and compares them with one or more of the sensors 36, 38, 
10 40 in the MWD module 1 8. The readings may be transmitted from the electronics 
section 24 to the MWD module 18 by any one or more of the well known downhole 
communications methods including short hop RF communication, direct wiring, mud 
pulse telemetry, sonic pulses in the BHA, or other well known devices. 

1 5 Alternatively, both the MWD module 1 8 and the electronics section 24 could transmit 
their readings to a surface device 50 near the drilling rig 14 or elsewhere, for display or 
processing. Alternately, the readings may be transmitted to a third tool module 48 
located elsewhere in the drill string 12. The data made be stored in this third tool 
module 48 or in the MWD module 1 8 for later retrieval at the surfece after the BHA is 

20 pulled from the borehole 4. Regardless of the exact manner in which the data is routed, 
the readings of sensors are processed and the information is used to provide re- 
calibration offeets to the readings from the sensors 36, 38 in the electronics section 24. 

In the case where the sensors 32, 34 in the electronics section 24 are mounted on a roll 
25 stabilized platform, an additional level of measurement independence can be 

introduced by deliberately altering the roll angle relationship of the electronics section 
24 to the MWD module 1 8. This allows improved surveying performance to be 
achieved by deliberately tumbling the sensors 32, 34 about the roll axis during a survey 
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period. By a process of averaging the survey results, this will cause all errors parallel 
to the tool face to be averaged to near zero. This operation may be performed while 
drilling i.e. no need to stop drill string rotation. Furthermore, if the drill string rotation 
is stopped soon after a survey period it will be possible to directly calculate the 
5 magnetic offsets caused by rotating a conducting collar in the earth's magnetic field. 
This correction term will be of benefit to other BHA systems. 

As stated above, in order to perform the re-calibration parameter estimations it is 
necessary to compare survey measurements from the same measured depth. The 

1 0 source of depth information may be supplied direcdy. Alternatively, by cross- 
correlating the stream of survey measurements a maximum correlation will be obtained 
when the measurements correspond to the same measured depth thereby obviating the 
need to obtain measured depth directly. Since the displacement between the 
electronics section 24 and MWD module 18 is fixed, this correlation will provide a 

1 5 down-hole estimate of rate of penetration. 

Alternatively, these computations might be performed at the surface where depth will 
be more readily determined. 

20 Whereas the present invention has been described in particular relation to the drawings 
attached hereto, it should be understood that other and further modifications apart from 
those shown or suggested herein, may be made within the scope and spirit of the 
present invention. For example, while only two sensors 34, 36 have been indicated in 
the electronics section 24 and three sensors 36, 38, 40 have been indicated in the MWD 

25 module 18, from one to any number of sensors may be located in either module, 
depending upon the need. 
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CLAIMS 

What is claimed is: 

1 . A method for sensing a condition in a borehole while drilling with a drill string, 
comprising the steps of: 

5 providing a first sensor in the drill string adjacent to a drill bit for measuring the 
borehole condition, 

providing a second sensor in the drill string remote from the first sensor for measuring 
the borehole condition, 

measuring the borehole condition with the first sensor at a first location in the borehole, 
1 0 drilling until the second sensor reaches the first location in the borehole, 

measuring the borehole condition with the second sensor at the first location in fee 
borehole, and, 

re-calibrating the first sensor using the measurement made by the second sensor at the 
first location within the borehole. 

15 

2. The method of claim 1 wherein the first sensor is selected from a group of sensors 
consisting of inclination, azimuth, gamma ray, temperature, acceleration, gravity, 
magnetism, hole caliper, neutron density, resistivity, tortuosity, electromagnetic wave 
propagation, sonic velocity, rate of penetration, RPM, torque and weight on bit 

20 

3. The method of claim 2 wherein the second sensor is of the same type as the first 
sensor. 

4. The method of claim 1 wherein the second sensor is located in a measuring while 
25 drilling module. 

5. The method of claim 4 wherein the measurement from the first sensor is transmitted 
to the measuring while drilling module. 
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6. The method of claim 5 wherein the measurement from the first sensor is transmitted 
in a manner selected from the group consisting of short hop RF communication, direct 
wiring, mud pulse telemetry, and sonic pulses. 

5 

7. The method of claim 1 comprising the step of transmitting the re-calibrated reading 
of the first sensor to a surface device. 

8. The method of claim 1 comprising the step of transmitting the measurement from 
1 0 the first sensor and the measurement from the second sensor to a surface device, and 

re-calibrating the first sensor in the surface device. 

9. The method of claim 8 comprising the step of displaying the re-calibrated 
measurement adjacent to a drilling rig. 

15 

10. The method of claim 4 wherein the measurement from the first sensor and the 
measurement from the second sensor are transmitted to a third tool module in the drill 
string. 

20 11. The method of claim 1 0 wherein the measurements from the first and second 

sensors are transmitted in a manner selected from the group consisting of short hop RF 
communication, direct wiring, mud pulse telemetry, and sonic pulses. 

12. A bottom hole assembly of a drill string for drilling a borehole, the bottom hole 
25 assembly comprising a first sensor in the drill string adjacent to a drill bit for 

measuring a condition of the borehole at a location in the borehole, a second sensor in 
the drill string, remote from the first sensor, for measuring the same borehole 
condition, a device to store the measurement made by the first sensor and compare it to 



-12- 



WO 03/096075 



PCT/GB02/03730 



the measurement made by the second sensor, said device providing a re-calibration 
ofiset for the first sensor based upon the comparison. 

13. The bottom hole assembly of claim 12 wherein the first sensor is selected from a 
5 group of sensors consisting of inclination, azimuth, gamma ray, temperature, 

acceleration, gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 
electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit 

10 14. The bottom hole assembly of claim 13 wherein the second sensor is of the same 
type as the first sensor. 

1 5. The bottom hole assembly of claim 12 wherein the second sensor is located in a 
measuring while drilling module. 

15 

1 6. The bottom hole assembly of claim 1 5 wherein the measurement from the first 
sensor is transmitted to the measuring while drilling module. 

1 7. The bottom hole assembly of claim 1 6 wherein the measurement from the first 
20 sensor is transmitted in a manner selected from the group consisting of short hop RF 

communication, direct wiring, mud pulse telemetry, and sonic pulses. 

1 8. The bottom hole assembly of claim 14 wherein the measurement from the first 
sensor and the measurement from the second sensor are transmitted to a third tool 

25 module in the drill string. 
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1 9. The bottom hole assembly of claim 1 8 wherein the measurements from the first 
and second sensors are transmitted in a manner selected from the group consisting of 
short hop RF communication, direct wiring, mud pulse telemetry, and sonic pulses. 

5 20. A method for sensing a first condition in a borehole while drilling with a drill 
string, comprising the steps of: 

providing a sensor in the drill string adjacent to a drill bit for measuring the first 
borehole condition, 

providing a second sensor in the drill string remote from the first sensor for measuring 
10 a second borehole condition, 

measuring the first borehole condition with the first sensor at a first location in the 
borehole, 

drilling until the second sensor reaches the first location of the borehole, 
measuring the second borehole condition with the second sensor at the first location 
1 5 within the borehole, and, 

re-calibrating the first sensor using the measurement made by the second sensor at the 
first location within the borehole. 

21 . The method of claim 20 wherein the first sensor is selected from a group of 
20 sensors consisting of inclination, azimuth, gamma ray, temperature, acceleration, 
gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 
electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit 

25 22. The method of claim 21 wherein the second sensor is selected from a group of 
sensors consisting of inclination, azimuth, gamma ray, temperature, acceleration, 
gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 
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electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit 

23. The method of claim 20 wherein the second sensor is located in a measuring while 
5 drilling module. 

24. The method of claim 23 wherein the measurement from the first sensor is 
transmitted to the measuring while drilling module. 

10 25. The method of claim 24 wherein the measurement from the first sensor is 
transmitted in a manner selected from the group consisting of short hop RF 
communication, direct wiring, mud pulse telemetry, and sonic pulses. 

26. The method of claim 20 comprising the step of transmitting the re-calibrated 
1 5 reading of the first sensor to a surface device for display or processing. 

27. The method of claim 20 comprising the step of transmitting the measurement from 
the first sensor and the measurement from the second sensor to a surface device, and 
re-calibrating the first sensor in the surface device. 

20 

28. The method of claim 27 comprising the step of displaying the re-calibrated 
measurement adjacent to a drilling rig. 

29. The method of claim 23 wherein the measurement from the first sensor and the 
25 measurement from the second sensor are transmitted to a third tool module in the drill 

string. 
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30. The method of claim 29 wherein the measurements from the first and second 
sensors are transmitted in a manner selected from the group consisting of short hop RF 
communication, direct wiring, mud pulse telemetry, and sonic pulses. 

5 31. A bottom hole assembly of a drill string for drilling a borehole, the bottom hole 
assembly comprising a first sensor in the drill string adjacent to a drill bit for 
measuring a first borehole condition at a location in the borehole, a second sensor in 
the drill string remote from the first sensor for measuring a second borehole condition, 
a device to store fee measurement made by the first sensor and compare it to the 

10 measurement made by the second sensor, said device producing a re-calibration offeet 
for the first sensor based upon the comparison. 

32. The bottom hole assembly of claim 31 wherein the first sensor is selected from a 
group of sensors consisting of inclination, azimuth, gamma ray, temperature, 

1 5 acceleration, gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 

electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit 

33. The bottom hole assembly of claim 32 wherein the second sensor is selected from 
20 a group of sensors consisting of inclination, azimuth, gamma ray, temperature, 

acceleration, gravity, magnetism, hole caliper, neutron density, resistivity, tortuosity, 
electromagnetic wave propagation, sonic velocity, rate of penetration, RPM, torque and 
weight on bit 

25 34. The bottom hole assembly of claim 3 1 wherein the second sensor is located in a 
measuring while drilling module. . 
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35. The bottom hole assembly of claim 34 wherein the measurement from the first 
sensor is transmitted to the measuring while drilling module. 

36. The bottom hole assembly of claim 35 wherein the measurement from the first 
sensor is transmitted in a manner selected from the group consisting of short hop RF 
communication, direct wiring, mud pulse telemetry, and sonic pulses. 

37. The bottom hole assembly of claim 35 wherein the measurement from the first 
sensor and the measurement from the second sensor are transmitted to a third tool 
module in the drill string. 

38. The bottom hole assembly of claim 37 wherein the measurements from the first 
and second sensors are transmitted in a manner selected from the group consisting of 
short hop RF communication, direct wiring, mud pulse telemetry, and sonic pulses. 
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